The critical current densities J c of Chevrel phase wires with niobium as an antidiffusion barrier were measured in magnetic fields up to 24 T. At 20 T and 1.9 K, Jc reaches 5.4 X 108 A/m2 and decreases slightly down to 3.IX 108 A/m2 at 24 T. A wire with a 20% superconducting cross section has been successfully drawn and its overall critical current density 7°v exceeds 100 A/mm2 at 1.9 K up to a magnetic field slightly above 20 T. This demonstrates the ability of Chevrel phase wires to be used in high magnetic field applications. Moreover, some parts of the coil have certainly higher J c , since J c is very often limited by a thermal excursion of the entire coil. The effective upper critical field Mo^c2 > deduced from the magnetic field dependence of J c, is too low compared to the expected bulk value, indicating that superconducting properties at the grain boundaries are still degraded. If the bulk fi0H C 2 can be restored at the grain surfaces, should be higher than 100 A/mm2 up to at least 30 T. © 1997 American Institute of Physics. [S0021-8979(97) 00409-X] 
I. INTRODUCTION
The development of superconducting cables to produce ultrahigh magnetic fields is an actual point of interest of specialized industries. Hybrid superconducting magnets us ing NbTi and Nb3Sn materials allow to obtain steady-state magnetic fields slightly above 22 T. However, it is estab lished that with these materials, the generation of higher magnetic fields can hardly be achieved, since Nb3Sn is get ting close to its intrinsic upper critical field. Therefore, the development of a suitable technology with superconducting materials having higher upper critical field is essential. With a critical field of 55 T at 4.2 K, the PbMo6S8 Chevrel phase (CP) material largely satisfies this requirement.1 Recently, we have reported that the critical current densities J c at 15 T, reached 5.0X108 A/m2 and 8.1 X108 A/m2 at 4.2 and 3.9 K, respectively 2 These results were obtained on wires having a small superconducting cross section (6%-10%). To demon strate that Chevrel phase wires are still candidates for the third generation of superconducting cables, it is important to realize a wire with an overall critical current density J°cv exceeding 100 A/mm2 up to magnetic field higher than 20 T.
To reach this goal, the powder synthesis and the wire manufacturing have to be kept under full control in order to achieve the reproducibility needed to highlight the basic problems limiting the J c performance. Generally, the powder synthesis is done by a solid state reaction in sealed quartz tubes which leads to a contamination of CP grains by oxy gen. Our effort was concentrated on the development of a powder synthesis method in a sealed molybdenum crucible, starting from the Mo6Sg precursor. This new process3,4 has strongly improved the quality of the powder and the reproducibility of the grain morphology which is an essential pa rameter during the deformation process.5
The Chevrel phase wires are made by using the powderin-tube method which consists of a CP powder core con tained in an antidiffusion barrier (Nb, Mo, or Ta) surrounded by an outer jacket made of copper or stainless steel (SS).6~8 With niobium, a tearing of this sheet5 occurs during the de formation of the wire. These defects are the main source of J c fluctuations along the length of the wire. To avoid them, we have looked for harder materials for the outer sheet able to sustain the deformation strain. Among the materials inves tigated, CuNi30% is able to considerably reduce the occur rence of holes in the niobium sheet.2
The final density of the CP powder in the wire crucially influences the critical current performances. We have ob served that the CP density at the end of the drawing has no clear correlation with its initial value.5 Because of the non ductility of CP grains at room temperature, a too large pow der densification prior to the drawing has to be avoided in order to preserve a certain 4'fluidity1 ' needed to prevent local overdeformations of the niobium sheet. This means that a full densification of the powder has to be done after the wire deformation is completed. The heat treatment under hot iso static pressing (HIP) of the CP wire is a very efficient pro cess to densify the powder core of the wire in its final form.2,6 With this technique, a very dense superconducting core is obtained, resulting in an appreciable increase of the critical currents compared those obtained with heat treat ments under the same conditions but at ambient pressure. This improvement of J c comes from a better CP powder densification which favors a good sintering but without sig nificant changes, neither on the grain boundary limitations (Tc, ilqH*2)> nor on the magnetic flux lines pinning mechanisms.5 /f\
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iyil<iM t^T f r r t i t!rii[iHi,itrtîirr»i»'jiir r r jrlT rniÉ >iïr^r 7 "'^Ti^itriiiritirfn'Tfirtiiirifii[rn"r^-tffm r r fr -f'-'ì r " T " ; í fl «Mi filitiiririW iiiiilinirtni'r-w fiinrm iiM W i ì it f , " ,' "TH~Tf~'jWi r n f n ì i f i r n n t f rrritrrifii n r y -^ì ƒ m iim M -n iii« ! f i r r r f r r r r r r n r » ! f i t i j M t M i i c w r r r t n i t r i »i~<l( r<n y f ì f i i (r <i« Mfti,t t m t n ''~ t " i r " "" T fiwnmmunKnfw un w<¡ i w imBw f ever the performance of the best sections of this coil is still limited by the dissipation of defects localized in Secs. II and One factor responsible for low is a poor connectivity of grains due to a weak densification of the superconducting III. At currents exceeding 13.2 A, I -V characteristics of a HI? ^t r e a t m e n t , we have strongly inthese two sections show many small voltage steps of a few CfeaSed denSIty °f the CP C°re (F'gS' ' a"d 2) and therem illivolts, followed at around 23.6 A by a large voltage jump indicating the quench of the whole coil. In the other sections of the coil there is a zero-resistance state up to 22.5 A where a small rounded transition developed in the first section up to the quench current. In case of wire No. 2, we have a similar situation. Both coils have a good homogeneity but with a difference in I c of a factor 2.8. After coppering wire No. 2, coil No. 2, l c is improved by a factor 3.5, with dissipative defects localized in Sec. III. This shows that the critical cur rent values measured in our wires are still limited by extrin sic factors related to electrical and thermal conductivity of the sheet materials of the wires. When the current has to flow through a section of the wire containing a defect, the local current density increases and when it is higher than J v, the whole section containing the defect starts to dissipate. If the surrounding materials have good thermal and electrical prop erties, the heat generated by the dissipative zone can easily be evacuated into the helium bath and the excess current can flow through the sheet materials and in consequence, the dissipative zone will not expand too much. Our wires have external sheets with relatively bad thermal and electrical properties and the heat locally generated can hardly be trans ferred into the helium bath and the current could not effi ciently short circuit this zone. The thin copper layer depos ited on the suiface of the wires does not improve the thermal environment of the superconducting core, but it provides a better electrical path to short circuit the dissipative zone. In spite of the fact that the current has to cross several interfore the / c at low magnetic field (<10 T), Nevertheless, the important drop of J c at magnetic fields higher than 20 T reveals another limitation always encountered in Chevrel phase wires and presently not solved. The magnetic field dependence of J c depends basically on the type of pinning and on the value of the effective upper critical field. In hightemperature superconductors, this effective critical field is identified as the irreversibility field which has its origin in the dynamic properties of a quasi-2D flux line lattice. For Chevrel phases, the possible existence of an irreversibility line has been reported12,13 but the proposed H -T phase dia gram is not clearly established as an intrinsic property of the flux line lattice of this material. Detailed analysis of the spe cific heat anomaly of the PbMo6S8 Chevrel phase have shown that the superconducting transition temperature in zero magnetic field spreads over several kelvins from T c (14-15 K) down to almost 9-8 K 3,14 Since the percentage of degraded superconducting phases was found to be larger for powder with a small grain size, we concluded that the superconducting degradation is located at the grain surface. In the work of Ref. 12, the normalized decay rate of the magnetization measured at a low magnetic field (0.05 T) is mainly constant from Tc down to 9-8 K and then decreases substantially. This corresponds to the minimal value of Tc deduced from the specific heat anomaly.14 These degraded regions can be seen as channels15 where magnetic flux lines may easily flow and therefore J c will depend primarily on the upper critical field of these channels. Using the simple WHH expression for the upper critical field of dirty faces from the superconducting core to the external copper superconductors sheet, the situation has been largely improved-16 Mo^c2~~ 0.693 Tc dT (i) As mentioned in the Introduction, the choice of hard materials for the outer sheets of CP wires is very important to avoid fractures of the niobium barrier. At the same time, these materials insure to the wire its mechanical stability, and assuming a maximal value of 7 T/K (Ref. 1) for the necessary to sustain the huge Lorentz force exerted at high initial slope of the upper critical field and a Tc for the chanmagnetic fields. Stainless steel and CuNi30% are well nels of 8-9K, we get an upper critical field at zero temperaadapted to fulfill the mechanical constraints but they do not ture of 38-43 T. As discussed above, the superconducting provide good thermal and electrical properties to the wires. CuNi30% can be used as a sheet material during the drawing and then removed following the procedure we have used for wire No. 2 without altering the J c performances of the wire. At 15 T this wire has similar J c as a wire drawn from the same billet but for which the reinforcement with stainless properties at the surface of the grains are degraded certainly by a modification of the lead stoichiometry at the surface. We recall that an intercalation of Pb into the Mo6S8 structure is possible at a temperature as low as 440 °C,17 demonstrat ing the existence of a Pb mobility into the Mo6S8 structure. Since no stoichiometric modification of the Mo6S8 structure steel was made without removing CuNi30% (wire No. 2 in is expected in this range of temperature, it was concluded Ref. 2). To give to CP wires the required mechanical charthat the improved superconducting properties of the intercalated Pb~Mo6S8 phase with time has to be correlated with an increase of the Pb content into the host structure.18 Since the acteristics but also good thermal and electrical properties, CuNi30% and eventually stainless steel have to be replaced by another hard material with better thermal and electrical sintering process is carried out at a relatively low temperaconductivity. The preliminary test on the deformation of a ture and for a short period of time, the resulting dense phase wire having a precipitation hardening copper alloy for the is made of well-connected grains having still degraded suouter jacket has been carried out. With CuNil%Bel% alloys, we have succeeded in the deformation process and the stud ies of this type of wire are presently under investigations.
perconducting properties at their surface. Once the critical field of these channels is reached, the flux lines should flow along these channels simulating a pseudo-irreversibility field. 
Wire#l,coil#2 26 T at 4.2 K, with an increase up to 31.5 T at 1,9 K. For wire No. 2 which has a chemical composition richer in lead, we obtain higher values (jjlqH*2=31.5 and 38 T at 4.2 and 1.9 K, respectively). This difference in between the two wires is reflected in the drop of J c at high magnetic fields (Fig. 3) which is less pronounced in case of wire No. 2. The effective critical field of both wires nevertheless stays far below the bulk values, expected to be at 4.2 K, around 40 and 50 T for wire No. 1 and wire No. 2, respectively. This means J c could be much higher than values reported here if one could succeed to chemically stabilize the last nanometers of the surface of CP grains which are degraded.
The question which rises now is how high the Jc might be in these wires, if their effective critical field reaches the level of bulk upper critical field. In CP superconductors, the ning force (Fp) against the reduced field b~ julq H I at 4.2 K, where takes values determined previously from the Kramer plots, is shown in Fig. 7 . For both wires, F n is well fitted using the scaling function:
This volume pinning force dependence on the reduced mag netic field is generally found in CP superconductors22,23 and indicates that the limiting pinning mechanism of flux lines occurs at the grain boundaries. The prefactor a in Eq, (2) (1 .4 X 1 0 7 for wire No. 1 and 7 .8 X 1 0 6 for wire No. 2) differs by almost a factor 2. This parameter is essentially related to the microstructure of the superconductor and can be influenced by the width of flux flow channels, the effec tive current flow cross section, as well as the mean grain size. 21, 22 Powders used in the processing of both wires were produced with the same technique and have similar grain sizes. HIP treatment of these coils was performed under the 6.0 tremely high. In the case of wire No. 2, J c could remain as high as 1X109 A/m2 up to 25 T. The overall critical current might reach 100 A/mm2 at a field of 30 T. This indicates that the CP superconductors may have a great potential which still, has to be explored. Finally, we would like to emphasize that J c at 9 T is around 5X109 A/m2, a value in good agreement with the estimation of the intragrain critical current density. 22, 27 This agreement gives further evidences that the superconducting properties at the grain boundaries is the main limiting factor in the ƒc . performance of Chevrel phase wires.
V. CONCLUSION
In this work, we report very encouraging critical current density results obtained on Chevrel phase superconducting wires. We have successfully drawn a Nb-stainless steel sheeted wire with a superconducting cross section of almost 20%. The critical current density measured on small coils of "-1,6 m wire length, hot isostatically pressed under 1.9 kbar argon pressure at 900 °C for 30 min, reached the values of 5.4X108 A/m2 and 3.1X108 A/m2 at 20 and 24 T, respec- tively, at the temperature of 1.9 K, The overall critical cur rent exceeded 105 and 60 A/mm2 at the same temperature and fields. These performances are the highest ever reported on this compound at this time and Chevrel phase wires fulfill the essential requirements for high field applications. With the production of high quality powder which favors a good sintering between the grains at low temperature and short annealing time, and the achievement of high powder densification when using the HIP technique for the wire heat treatment, we have greatly reduced the chemical reactivity with the niobium sheet. Indeed, wire micrographs did not show any evidence of an intermediate layer between Nb and the CP component. On the other hand, we have observed thermal excursions during J c measurements, which are a manifestation of poor thermal and electrical conductivity of sheet materials. CuNi30% and stainless steel do not fill all the conditions required for a good thermal stability of the Chevrel phase wires but precipitation hardening alloys as CuBe may provide an interesting alternative.
The analysis of the magnetic field dependence of Jc shows that the effective upper critical field is too low com pared to the expected bulk values, and the pinning force is limited by a flux line shear mechanism. This may be under stood if we assume that the superconducting properties at grain boundaries are degraded and therefore are the major J c limiting factor. We have seen between investigated wires, a difference of almost a factor of 2 in the prefactor of the pinning force scaling function. This can be attributed to a difference in the thicknesses of the degraded layer at the grain, which is expected to be smaller in the case of the wire No, 1 with a composition richer in Sn. If these channels can have an effective upper critical field close to the bulk value, the calculated J c indicates the great potential of improve ment for these CP wires. Chevrel phase wires might be used for high field applications up to at least 30 T, this expectation being based on a wire having a superconducting cross sec tion of 20%. For the purpose of achieving that, the relevant challenge to chemically stabilize the last nanometers of the surface of grains has to be raised by researchers in the future.
